Background: In this prospective phase 2 trial, we assessed the efficacy of trastuzumab-emtansine (T-DM1) in HER2negative metastatic breast cancer (MBC) patients with HER2-positive CTC. Methods: Main inclusion criteria for screening were as follows: women with HER2-negative MBC treated with ≥ 2 prior lines of chemotherapy and measurable disease. CTC with a HER2/CEP17 ratio of ≥ 2.2 by fluorescent in situ hybridization (CellSearch) were considered to be HER2-amplified (HER2 amp ). Patients with ≥ 1 HER2 amp CTC were eligible for the treatment phase (T-DM1 monotherapy). The primary endpoint was the overall response rate.
Introduction
In view of the significant efficacy of anti-HER2 targeted therapies on HER2-positive breast cancers, assessment of HER2 status has become a cornerstone of the current breast cancer management. HER2 testing on tumor tissue has been standardized by successive guidelines and relies first on immunohistostaining [1] [2] [3] . In ambiguous cases, in situ hybridization (ISH) assays remain the gold standard as it directly assesses HER2 gene copy number and any chromosome 17 polysomy. As HER2 amplification is an early oncogenic event, HER2 status has been found to be different between primary tumors and matched metastatic tissue in fewer than 10% of patients [4, 5] . When clinically feasible, HER2 status should therefore be reassessed on metastatic tissue sample in metastatic breast cancer (MBC) patients [6] .
While invasive biopsy of a metastatic lesion may not always be feasible or contributive, circulating tumor biomarkers promise to become a noninvasive surrogate for tissue-based biomarkers, including HER2 status [7, 8] . Many detection platforms have demonstrated that HER2 immunocytostaining and ISH techniques can be applied to circulating tumor cells (CTC) [9] [10] [11] [12] . Some reports have also suggested a significant heterogeneity between the HER2 status of primary breast tumors and that of matched CTC sampled during the course of metastatic disease [9, [13] [14] [15] [16] [17] [18] [19] [20] [21] .
Within the current armamentarium of HER2-targeting drugs, trastuzumab-emtansine (T-DM1) has demonstrated its efficacy in the metastatic setting, starting from the second line of therapy [22, 23] . This antibody-drug conjugate is given as a single agent and therefore represents an exquisite targeting of HER2-positive tumor cells, with no direct action on HER2-negative tumor cells.
The purpose of the phase 2 "CirCe T-DM1" trial was to investigate the clinical actionability of CTC-based HER2 status assessment. In a screening step, HER2negative MBC patients were screened for HER2-positive CTC with the most reliable technical approach, ISH. During the treatment step, HER2-negative MBC patients with HER2-amplified (HER2 amp ) CTC were treated with T-DM1 given as a single agent. Final results of the screening and the treatment steps are reported here.
Materials and methods
The CirCe T-DM1 trial was approved by the regional ethics committee (CPP Ile de France I) and has been registered (EudraCT 2012-005155-16; NCT01975142). All patients provided written informed consent at inclusion both in the screening step and in the treatment step.
Screening
Main inclusion criteria for the screening step were as follows: women with HER2-negative adenocarcinoma of the breast, as assessed by immunohistostaining or/and ISH on the primary breast tumor (HER2 status reassessment on metastatic lesions was not mandatory but, when performed, had to be HER2-negative); metastatic and/or inoperable locoregional relapse progressing on at least two prior lines of systemic chemotherapy; measurable disease (RECIST v1.1); WHO performance status of 0-2; adequate laboratory parameters; and cardiac function.
Three 7.5-ml blood samples were drawn in CellSave® tubes from patients included in the screening step. Tubes were shipped at room temperature to a central laboratory (Janssen Diagnostics), located in Beerse, Belgium. The fluorescent-ISH (FISH) analysis was a multistep process, performed by Janssen Diagnostics under blinded conditions. CTC were first detected and located by immunocytofluorescence (standard Cell-Search® technique); the slide was then submitted to FISH and screened a second time for fluorescent signal. Results were available within 7 days and included the following: number of CTC detected, absolute numbers of HER2 copies and chromosome 17 centromeres (CEP17) for each CTC with interpretable FISH assay, at the single cell level, and the results of internal negative controls (i.e. HER2 and CEP17 signals observed in leukocytes from the same sample). CTC displaying a HER2/CEP17 ratio of ≥ 2.2 (as per the 2007 ASCO/CAP guidelines [1] ) and/or > 6 HER2 copies were considered as HER2amp . CTC with high numbers of HER2 copies without CEP17 signal available or with a HER2/CEP17 ratio < 2.2 were not considered to be HER2 amp . Patients with no CTC or with non-HER2 amp CTC were then considered to be off-study.
Treatment and assessment
Patients with ≥ 1 HER2 amp CTC detected at the screening step were eligible for the treatment step, which consisted of T-DM1 monotherapy at the standard dose of 3.6 mg/kg IV every 3 weeks (dose reductions were allowed in the case of toxicity). Clinical and laboratory examinations were performed at each cycle, and radiological evaluation was performed every 6 weeks, according to RECIST 1.1. A second CTC count with HER2 FISH was performed after 1 cycle of therapy, but clinicians were blinded to the results.
Statistics
We hypothesized that the efficacy of T-DM1 may differ according to the absolute number of HER2 amp CTC detected at the screening step; also, a very low HER2 amp CTC count might be distributed by Poisson's law of rare event and therefore turn out to be less reproducible. We therefore distinguished two populations of treated patients: HER2 amp CTC low and HER2 amp CTC high populations, corresponding to patients with 1-2 HER2 amp or ≥ 3 HER2 amp CTC detected, respectively.
The primary objective of this study was to report the efficacy of T-DM1 in the two populations. The primary endpoint was the objective response rate among treated patients. Secondary objectives included progression-free survival (PFS; defined as the time between inclusion in the treatment step and tumor progression or death, whichever came first), overall survival (OS), duration of response, and biomarker responses.
The design of this multicenter phase 2 trial was derived from a multiple-stage Fleming design [24, 25] , the two populations (HER2 amp CTC low and HER2 amp CTC high ) being assessed as separate cohorts. In a first stage, seven patients had to be included in each of the two cohorts (N = 7 HER2 amp CTC low and N = 7 HER2 amp CTC high ). T-DM1 was estimated to be effective when it yielded a response rate of 25% (H1) and ineffective when it yielded a response rate < 5% (H0). After inclusion of seven patients, the study could be stopped in the corresponding population for inefficacy (no response observed) or efficacy (three or more response observed). When one to two responses were observed, another 7 patients had to be included in each cohort before drawing conclusions. In total, with an anticipated 10% 
Results

Detection of HER2 amp CTC
This study was open to accrual from 11/2013 to 09/2016 in 10 centers. One hundred fifty-five patients were included in the screening phase, and one patient was subsequently excluded due to HER2 positivity on metastasis. Patient characteristics are shown in Table 1 . Among 154 included patients, 80 (51.9%) patients underwent a biopsy of their local/distant relapse which confirmed the HER2-negative tumor status; 87 (57.2%) patients received 3 or more lines of chemotherapy for their metastatic disease. The study flow chart is displayed in Fig. 1 . Among the 154 patients screened, ≥ 1 and ≥ 5 CTC/ 7.5 ml of blood were detected in N = 118 (78.7%) and N = 86 (57.3%) patients, respectively. Sixty-seven of the 79 patients (84.8%) of patients with a performance status of 1 or 2 had ≥ 1 CTC/7.5 ml detected, versus 40/63 (63.4%) patients with a performance status of 0 (p = 0.006).
FISH analysis was performed in samples with ≥ 1 CTC. For any given CTC, FISH results were considered to be interpretable when both HER2 and CEP17 signals could be assessed on at least 1 CTC and when leukocytes from the same sample showed normal HER2 and CEP17 signals. Overall, among the 7124 CTC detected by the CellSearch system in 118 patients with ≥ 1 CTC/ 7.5 ml at the screening stage, FISH was deemed interpretable for 1652 CTC in 79 patients (66.9% of patients with ≥ 1 CTC /7.5 ml). As expected, the probability of having ≥ 1 CTC on a blood sample with an interpretable FISH result was correlated with the total number of CTC detected (Table 1 ; Fig. 2a , ρ = 0.81, p = < 0.001).
Overall, ≥ 1 HER2 amp CTC was found in 14 patients (9.1%). The detection of HER2 amp CTC was not correlated to the total number of detected CTC (Fig. 2b ) but was associated with performance status (p = 0.02). Among patients with ≥ 1 HER2 amp CTC, absolute CTC count, CTC with interpretable FISH, and CTC with or without HER2amp are displayed in Table 2 . Seven patients (50%) had 1 HER2 amp CTC. Among patients with ≥ 2 CTC with interpretable FISH results, the median ratio of HER2 amp CTC among all CTC with interpretable FISH results was 8.2% (range 0.6-60%).
In September 2016, the supplier of the FISH CTC assay, blinded to the ongoing study results, discontinued development of this test. Patient screening and enrollment was therefore stopped prior to completion of the targeted study enrollment.
Patient outcomes
In the overall screening population, CTC count confirmed its prognostic value on PFS and OS in univariate and multivariate analyses (Additional file 1: Figure S1 ; Additional file 2: Table S1 ). Eleven patients with ≥ 1 HER2 amp CTC detected at screening have been included in the treatment step: 9 patients in the HER2 amp CTC low cohort (1 or 2 HER2 amp CTC detected) and 2 patients in the HER2 amp CTC high cohort (≥3 CTC HER2 amp CTC detected); all patients included in the treatment step received at least one dose of T-DM1.
Overall, one of the first seven patients (patient #03-020-1 in Table 2 ) included in the HER2 amp CTC low cohort achieved a confirmed partial response, which allowed to enroll two more patients in that cohort prior to the study discontinuation. The overall objective response rate was therefore 11.1% (95%CI = [0.3; 48.3]) in the CTC low cohort (N = 9 patients) and 9.1% (95%CI = [0.23;41.3]) in all treated patients (N = 11 patients). The duration of this partial response was 7.1 months. At time of progression, this patient underwent a biopsy of a metastasis that responded to T-DM1, which confirmed the lack of HER2 amplification. Four patients had a stable disease as the best response. Another patient in the same cohort displayed a drop of serum tumor markers (CA15-3 and CEA) after 1 cycle of T-DM1 but was withdrawn from the study thereafter due to a grade III pneumonitis. No other toxicities potentially related to T-DM1 have been observed. Overall, in the 11 patients with HER2 amp CTC, observed median PFS and OS were 4.8 months 95%CI = [2;not reached] and 9.5 months 95%CI = [4.0; not reached], respectively (Fig. 3) . Table 2 shows the total CTC count and HER2 amp CTC count during therapy for the 11 treated patients, whenever available.
Discussion
This study exemplifies the promises and the pitfalls of using a "liquid biopsy" to guide patient towards a personalized therapy.
Firstly, each biomarker (such as HER2 amplification in our study) of interest on CTC requires the detection of at least one CTC. In a prior study, we reported an overall good concordance between the HER2 status of the primary breast cancer and that of CTC (assessed by immunocytofluorescence), only if a sufficient number of CTC was assessed [26] . Our results show that the feasibility of HER2 FISH on CTC is directly correlated with the number of CTC detected, which is per se an independent prognostic factor, as demonstrated elsewhere [27] and confirmed in our study. The limited number of CTC with interpretable FISH results was maybe related to the twostep process, some cells detaching from the slide after the CTC count, during the FISH procedure.
Secondly, we found out-using ISH, the most reliable assay for HER2 status-that nearly 10% of MBC patients with HER2-negative tumor exhibit HER2 amp CTC. The presence of such HER2-positive CTC (detected by ISH or immunocytology) has been reported by several observational studies [9, [13] [14] [15] [16] [17] [18] [19] . In our study, both the absolute number of HER2 amp CTC and the HER2 amp /HER2- negative CTC ratio were low, suggesting that these HER2 amp CTC account for a minority of the tumor burden and that HER2 amp subclones do not expand significantly during therapy in MBC patients.
From a statistical perspective, the main limitation of our study is the low number of patients that were treated with T-DM1, so the efficacy of T-DM1 in patients with HER2-negative tumors and HER2 amp CTC, although unlikely, cannot formally be ruled out. In addition to the low objective response rate, the median PFS achieved by T-DM1 in patients with HER2 amp CTC compares unfavorably to that observed in patients with ≥ 1 CTC but no HER2 amp CTC.
In our study, the use of T-DM1 allowed assessing the efficacy of "pure" anti-HER2 therapy in the setting of a single-arm phase 2 study, without any other antitumor therapy. A different approach, investigated in the DETECT III study (NCT01619111), is to measure whether adding an anti-HER2 agent to a chemotherapy backbone would benefit to HER2-negative MBC patients with HER2-positive CTC, assessed by immunocytofluorescence (design reviewed in [28] ). Results of this randomized phase III study are awaited and will complete our current understanding of the clinical actionability of HER2 amp CTC in HER2-negative MBC patients.
The lack of synchronous metastatic tissue biopsy at time of treatment initiation also prevents us from comparing the HER2 amplification status between CTC and metastatic tissue. Recent preclinical experiments suggested that HER2-positive CTC retrieved from HER2negative MBC patients are more proliferative but not addicted to HER2 signaling [14] . However, trastuzumabderuxtecan, a newer trastuzumab-drug conjugate, demonstrated an efficacy in some patients with HER2negative metastatic cancers [29] ; this efficacy signal is now investigated in a phase 3 trial (NCT03734029).
Conclusions
CTC with HER2 amplification can be detected by ISH in about one tenth of HER2-negative MBC patients with detectable CTC. The very limited efficacy of single agent T-DM1 in that setting may be related to the fact that HER2-amplified CTC represented only a fraction of the total CTC detected in treated patients.
